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Abstract
Background: The aggregation of woodlice in dark and moist places is considered an adaptation to land life and most
studies are focused on its functionality or on the behavioural mechanisms related to the individual’s response to abiotic
factors. Until now, no clear experimental demonstration was available about aggregation resulting from inter-attraction
between conspecifics.
Methodology/Main Findings: We present the dynamics of aggregation, not previously described in detail in literature, as
being independent of the experimental conditions: homogeneous and heterogeneous environments with identical or
different shelters. Indeed whatever these conditions, the aggregation is very quick. In less than 10 minutes more than 50%
of woodlice were aggregated in several small groups in the homogeneous environment or under shelters in the
heterogeneous environment. After this fast aggregation, woodlice progressively moved into a single aggregate or under
one shelter.
Conclusions/Significance: Here we show for the first time that aggregation in woodlice implies a strong social component
and results from a trade-off between individual preferences and inter-attraction between individuals. Moreover, our results
reveal that the response to the heterogeneities affects only the location of the aggregates and not the level of aggregation,
and demonstrate the strong inter-attraction between conspecifics which can outweigh individual preferences. This inter-
attraction can lead to situations that could seem sub-optimal.
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Introduction
There are about 10,000 described species of isopods [1], and
nearly half of them are terrestrial and belong to the suborder
Oniscidae [2]. Woodlice have a great ecological role in the
decomposition process due to their digestive capabilities [3].
Furthermore, woodlice also participate in the dispersal of
microbiota by voiding faecal pellets. Their importance in the soil
ecology and their physiology makes woodlice potentially useful as a
bioindicator for detecting and monitoring bio-accumulation of
heavy metals [4–6]. Due to the key roles of woodlice in soil
ecosystems and in the spread of various microbiotic populations, it
is necessary to better understand the aggregation patterns of such
organisms from an evolutionary-ecological perspective. Aggrega-
tion is one of the most basic social phenomena and is a proximal
prerequisite for the development of other forms of cooperation
such as the use of public information about the quality of
environmental resources [7–10]. In this respect, it may control
different density dependent processes and may influence the
dynamics of population at large spatio-temporal scale [11].
Isopods are an ideal model system for the study of these questions;
however, surprisingly many gaps in our knowledge still remain and
therefore we do not yet truly appreciate the extent of the
consequences of aggregation for the physiology, behaviour, or
evolution of species [12,13].
In the crustaceans, the suborder Oniscidea consists of terrestrial
families only [14]. In this respect, woodlice have been intensively
studied to understand their adaptation to land life [15–17]. The
adaptations can be structural [18], physiological [3,19,20], or
behavioural [21]. Most of the behavioural adaptations described in
the literature concern the individual response to environmental
parameters (and interactions between them) [15,21–23]. For
example, it has been shown that orientation to light changes from
positive to negative with the transition from the sea to the littoral
zone in Ligia, and that this is coherent with the search for dark,
moist, and cool places [15,21]. However, some behavioural
adaptations are related to groups of individuals. In this respect,
aggregation of woodlice is a well known phenomenon which is at
the origin of the theory of the Allee effect [24,13,25,26]. The
increase in density of woodlice in a location enhances their survival
in harsh conditions by reducing water losses [24,27] and this
gregarious behaviour is considered an adaptation to terrestrial life
[28–30]. It is important to note that aggregation is observed in
numerous crustaceans [17], for example, in the aquatic isopods
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water areas; [31]) or Lirceus fontinalis (as a reaction to harsh
conditions such as drought and high temperature; [32,33]).
At its most basic, aggregation is just a grouping of animals [34].
In this case, aggregation results from a response to local
environmental heterogeneities that only imply tolerance between
individuals [12,35–37]. Another mechanism of aggregation is that
resulting from inter-attraction between conspecifics which defines
gregarious species [38,39]. Very little information is available on
the inter-attraction between woodlouse individuals. However some
experiments show that aggregative pheromones are at work.
Binary choice studies carried out in an olfactometer (Y-maze) show
that olfaction could permit woodlice to find conspecifics [40,3].
Indeed, in the Y-maze, the focal individuals were more likely to
approach the group of 50 woodlice when given the choice between
the group and nothing [41,42]. Moreover, experiments of
substrate marking also suggest the existence of an aggregation
pheromone in the faeces. Indeed papers marked with faeces were
preferred to unmarked papers in binary choice tests carried out in
Petri dishes. However, the chemical nature of the pheromone is
still unknown [43]. Hence, more ethological tests are necessary to
better understand the implications of chemical communication in
the aggregation process.
Except for brief descriptions carried out by Farr and by Takeda
[42,44] and an observation in a homogeneous environment by
Allee [12], the aggregation dynamics and the resulting patterns
have not been studied until now. No information about the
kinetics of the aggregation process, the influence of environmental
conditions on these kinetics, or the morphology of aggregates is
available in literature. This information is important because it is
well known that observation of attraction between congeners (e.g.
an olfactometric test showing that olfaction permits woodlice to
find conspecifics) is not sufficient to draw conclusions about
patterns of aggregation and the stability of aggregates [45,46]. In
groups of living organisms, the spatiotemporal distribution of the
population results from the synergy between the individual
preferences and the inter-attraction between conspecifics. The
objective of this paper is to show that in woodlice, inter-attraction
is at work, and how its synergy with individual preferences governs
the dynamics and the patterns of aggregation.
Materials and Methods
The species
The common woodlouse Porcellio scaber Latreille, 1804 is a
widely distributed terrestrial isopod (Isopoda: Porcellionidae) well
known to form aggregates. There is substantial information about
individual preferences of Porcellio scaber and hence this species is a
good model for study of the aggregation mechanisms
[17,20,23,24].
Woodlice were collected in the gardens of Lille Catholic
University (northern France). They were reared in terraria
(41062406225 mm) at the bottom of which a plaster layer,
regularly moistened, kept the humidity at 75610%. A litter of
maple, beech, and oak leaves also formed their food resources. In
addition, bark was provided to offer shelters for woodlice. Room
temperature was kept at 2362uC. Terraria were maintained at a
photoperiod of 14:10 (L:D).
Experimental set up
The basic experimental set up consisted of a homogeneous
arena (PVC tube, 193 mm in diameter) with a small removable
central arena (65 mm of diameter) where woodlice were placed
before the beginning of the experiment in order to calm them
down (cf. Figure 1a,b).
In the homogeneous set up, three light intensities were tested:
A: Low Brightness (0 lux) with no light bulb, where the
experimental set up was shut in a cardboard box with only one
opening on the top to allow the video recording, B: medium
brightness (166 lux) obtained with a 40 W bulb, C: high brightness
(1069 lux) obtained with a 60 W light bulb.
Experiments in a heterogeneous environment were also carried
out, where two shelters (small glass plate - 35 mm in diameter)
were added to the arena previously described (cf. Figure 1c-e).
In the heterogeneous set up, the arena brightness was medium
(166 lux, 40 W light bulb). Hence three light intensities could be
obtained under the shelters: 166 lux when there was no filter, 56
lux when the shelter was covered by one layer of ROSCOH filters
(ref. Roscolux #19 Fire – this filter also changed the spectrum of
light by transmitted nearly only red energy) and 41 lux when it was
covered by two layers.
Figure 1. Experimental set up. a: with small removable central arena; b: in homogeneous environment; c, d, and e: in heterogeneous
environment with two identical shelters (c), with two shelters, one with one layer of red filter and the other with two layers of red filter (d), and with
two shelters, one without a filter and the other with one layer of red filter (e).
doi:10.1371/journal.pone.0017389.g001
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No filter vs. one shelter with 1 filter, E: 1 filter vs. 2 filters and F: 2
filters vs. 2 filters.
To summarize, there were two conditions with two different
shelters (C and D) and one condition with two identical shelters (F).
The light bulbs were placed at 80 cm above the experimental
arena to prevent over-heating. The light intensity was measured
with a digital lux meter (MS-1300 – VoltcraftH) (results are shown
in Table 1).
The experimental set up was placed on a white sheet of paper
which was changed between each experiment.
Woodlice were considered to be aggregated when they were at a
distance from their neighbours less than or equal to the average
length of a woodlouse (0.5 cm). Moreover, groups were only
considered to be aggregates when they were stable (i.e. in the same
location) for 3 minutes.
Here are definitions of the terminology used in this document
hereafter:
Dark shelter. Shelter with one or two red filters (56 or 41
lux, respectively).
Bright shelter. Shelter without a red filter (166 lux).
Total population of aggregated woodlice. Total number
of woodlice aggregated, possibly in several aggregates.
Final aggregate. To define the final aggregate, the size and
location of the bigger aggregate at the end of the experiment were
assessed. The dynamic of the final aggregate corresponds to the
change of number of woodlice at this location.
Secondary aggregates. Small aggregates which appeared
during the experiment and may progressively disappear (or not).
These secondary aggregates can coexist with the bigger final
aggregate.
Experimental procedure
Forty woodlice were placed in the small central arena and left
there for 5 minutes to settle down. Then, the experiments began
by removing the central arena, releasing woodlice, which travelled
toward the edge of arena. Each experiment was video recorded for
45 minutes (Video S1).
To avoid any bias, dark and bright shelters were located equally
either at the right or left of the set up. Our F condition, with two
identical shelters, allowed us to ensure that there was no skew in
our experimental set up since the right and left shelters were
chosen equally frequently (Table 1; 57.1% vs 42.9%, respectively,
N=21; Fisher’s exact test, p.0.05).
Data analysis
In the homogeneous environment, in order to check if our
distribution of woodlice in each experiment corresponded to
aggregation, we analysed radial and angular distributions of
woodlice. Kolmogorov-Smirnov goodness of fit tests were used to
compare, for each experiment, the observed radial distribution
with a simulated uniform distribution. Rayleigh tests were used to
describe angular distributions. The coupling of the two tests
allowed us to describe our observed distribution as being an
aggregation (cf. Text S1, Figures S1 and S2).
In the heterogeneous environment, to determine whether
woodlice selected one shelter preferentially, binomial tests were
carried out with Ho assuming an equal distribution of woodlice
between both shelters. The ‘‘winning’’ shelter was the shelter with
the bigger aggregate at the end of the experiment and the ‘‘losing’’
shelter was the other one [47,48].
Results
Homogeneous environment (conditions A, B, and C)
Is there aggregation? Significant differences were observed
between theoretical uniform distribution and distributions of
woodlice observed in experiments for each of the brightness
conditions both for radial distance and angular distribution. In
terms of the radial distance, all experiments but one showed a
distribution significantly different from uniformity (K-S test,
D.0.53, p,0.001 for each experiment but one where D=0.47,
p=0.06). Hence, at the end of the experiments, more than 90% of
woodlice were observed at the periphery of the arena (2165 over
2400 woodlice were found at a distance less than 1.5 cm from the
periphery of arena).
Table 1. Description of experiments carried out and results about aggregation.
Type of set up Light intensity
Reference of
experiments
Percentage of
experiments where
at least one
aggregate is
observed
Percentage of
experiments with
aggregation where
one of the shelters is
chosen
For experiments where
one of the shelters is
chosen: Percentage of
experiments where the
darkest shelter is chosen
Homogeneous
environment
0 lux A 100 (N=20) - -
40 W light bulb (166 lux) B 100 (N=20) - -
60 W light bulb (1069 lux) C 90 (N=20) - -
Heterogeneous
environment
None vs 1 red filter
(166 vs 56 lux)
D 100 (N=24) 75 (N=24) 88.9 (N=18)
1 vs 2 red filters
(56 vs 41 lux)
E 100 (N=36) 91.7 (N=36) 48.5 (N=33)
2 vs 2 red filters
(41 vs 41 lux)
F (control) 96.7 (N=30) 70 (N=30) (right) 57.1 (N=21)
x
2 test – NS
x
2=5.31 (df=2)
D?E,F: p,0.05
x
2=8.19 (df=2)
Selection was determined if the distribution of woodlice between both shelters was significantly different from an equal repartition of woodlice between these shelters
(binomial test). The x
2 test determined differences between proportions.
doi:10.1371/journal.pone.0017389.t001
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woodlice however this analysis does not provide any information
about aggregation due to social effects. Hence, the analysis of the
angular distribution was necessary to assess this. The angular
distribution observed in experiments also significantly differed
from the theoretical uniform distribution (Rayleigh’s test, z.3.3,
p,0.05 for each of the 60 experiments except for 7 experiments
where z,1.85, p.0.05). These results confirmed that woodlice
were really aggregated at the periphery of the homogeneous set up
whatever the light intensity. At the end of the experiments, most of
the individuals were together in a large and stable aggregate.
However, in high brightness, 25% of experiments (N=20) did
not show stable aggregate or had only a small number (less than 10
woodlice) of woodlice in the final aggregate (Figure 2). By contrast
experiments with less than 10 woodlice in the final aggregate were
never observed in low and medium brightness (Figure 2).
Nevertheless, whatever the light intensity, more than 70% of
experiments showed a final aggregate containing more than 50%
of the whole woodlice population at the end of the experiments
(Figure 2; 85%, 85%, and 70% of experiments in low, medium,
and high brightness, respectively).
Dynamics of aggregation. Whatever the experimental
conditions, aggregation was very quick; more than 50% of the
woodlice were observed in an aggregate in less than 10 minutes
(Figure 3a). The main difference in aggregation dynamics
occurred between experiments under high and the two others
brightness settings. Indeed, in the first 15 minutes, global
aggregation was faster in high brightness than in medium or low
brightness (Figure 3a; Kruskal-Wallis test, KW values.6.66,
p,0.05 followed by Dunn’s test: C?B and C?A, p , 0.05). After
15 minutes, no differences were found except at the end of
experiments where the total population of aggregated woodlice
was significantly lower under high brightness than in the two other
conditions (Figure 3a; Kruskal-Wallis test, KW values.6.66,
p,0.05 followed by Dunn’s test, p,0.05 in the final 5 minutes).
Hence, in high brightness, after reaching a maximum very quickly,
the number of aggregated woodlice progressively decreased during
the experiments (Figure 3a; comparison between 10, 30, and 45
minutes; Friedman’s test, Fr=11.68, df=2, p,0.01). By contrast,
in low and medium brightness, after a rapid increase in the first 10
minutes, this number slowly but significantly continued to increase
until the end of the experiments (Figure 3a; comparison between
10, 30, and 45 minutes; Friedman’s test, Fr=21.12 and 10.49,
df=2 for low and medium brightness respectively, p,0.01).
Similar observations could also be made regarding the dynamic
of the population in the final aggregate (Figure 3b). Aggregation in
the final aggregate was also faster in high brightness than in the
other two brightness settings. Indeed, at 10 minutes, 60% of
woodlice were already aggregated in high brightness compared to
35% in medium and low brightness (Figure 3b; x
2 test, df=2,
x
2=6.79, p=0.034). Furthermore, in the first 20 minutes, the
number of woodlice in the final aggregate was significantly higher
in high brightness (Figure 3b comparisons of average numbers of
woodlice in the final aggregates minute per minute were tested by
Kruskal-Wallis’test, KW.6.6, p,0.05 followed by Dunn’s test,
p,0.05).
After 20 minutes of experiments, in high brightness, the number
of woodlice in the final aggregate slightly decreased to stabilize at
around 20 woodlice. However, the high variability of results did
not permit any statistical differences to be observed (Figure 3b;
comparison between 10, 30, and 45 minutes in high brightness;
Friedman test, Fr=3.937, p=0.14). By contrast, under low and
medium brightness, the number of woodlice in the final aggregate
progressively increased during 45 minutes to reach nearly 30
woodlice at the end of the experiments (Figure 3b; comparison
between 10, 30, and 45 minutes. 10?30, 10?45 and 30?45 for
low brightness and 10?30 and10?45 for medium brightness;
Kruskal-Wallis’test KW .25, p,0.001, followed by a Dunn’s test,
p,0.001).
At the end of the experiments no difference was found between
experimental conditions in the average number of woodlice in the
final aggregate (Figure 3b; comparison between low, medium, and
high brightness at 45 minutes; Kruskal-Wallis test, KW=3.93,
p=0.14).
During the experiments, the evolution of the number of
secondary aggregates was similar in every experimental condition:
a quick increase was followed by a slow decrease (Figure 4a).
Moreover, the average number of woodlice per secondary
Figure 2. Distribution of woodlice in the final aggregate after 45 minutes in homogeneous set ups.
doi:10.1371/journal.pone.0017389.g002
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aggregate whatever the experimental conditions (Figure 4b;
differences can be observed between A and C at the beginning
but it was not systematic). Hence during the experiments, the
number of secondary aggregates was influenced by the aggregation
process occurring in woodlice but not the number of woodlice per
aggregate. Nevertheless, the evolution of the number of woodlice
per aggregate was less regular in high brightness than in other
condition. Furthermore, the survival of secondary aggregates was
significantly higher in low brightness than in both other situations
(Figure 5. Significant difference between low brightness and
medium or high brightness, Log Rank test, Log rank statistic =
5.4, p=0.02 and 3.9, p=0.047 for Low vs. Medium and Low vs.
High brightness comparisons, respectively). The survival curves
of secondary aggregates are well explained by exponential
functions in every condition (y=78.344.e
20.038x,R
2=0.96; y=
92.199.e
20.076x,R
2=0.99 and y=96.197.e
20.084x,R
2=0.95 for
Low, Medium and High brightness). This result showed that the
probability of disappearance of secondary aggregates is constant
across time.
Finally, woodlice leaving a secondary aggregate were frequently
observed walking in the arena in the high brightness whereas in
low and medium brightness these woodlice had generally joined
the final aggregate by the end of the experiments.
Heterogeneous environment (conditions D, E, and F)
Woodlouse population outside shelters. After release, the
number of woodlice outside shelters exponentially decreased and
at the end of experiments generally less than 10 woodlice were
observed outside shelters (Figure 6a and example in Video S1).
However, in four experiments (out of 90) more than 50% of
woodlice were outside shelters at the end of experiments
Figure 3. Comparison of dynamics of aggregation in homogeneous set ups. Dynamics were observed in arenas under low, medium, or high
brightness corresponding to experimental conditions A, B, and C. a: total population of aggregated woodlice; b: woodlice aggregated in the final
aggregate. Standard deviations are presented for each 3 minutes. The bottom part of the graphic represents the statistical differences obtained
minute per minute using Dunn’s test, p,0.05: lines show differences.
doi:10.1371/journal.pone.0017389.g003
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vs. 2 red filters) did not show any aggregation and three showed a
peripheral main aggregate outside shelters. Despite these 4
experiments, aggregation under shelters was generally observed.
Choice of a shelter
Whatever the experimental conditions more than 70% of
experiments showed a selection of one of the two shelters (Table 1.
No difference between conditions x
2 test, x
2=5.31, d.f.=2,
p=0.07). Besides, in condition D, where there were a dark shelter
and a bright one (without red filter), the selection of the dark
shelter was significantly more frequent (Table 1; 88.9% of
experiments; Fisher’s exact test, p=0.012). However, even if the
bright shelter was rarely selected, it was in some cases (11.1% of
experiments showed a bright choice; Table 1). The situation was
different in conditions E where woodlice did not show any
preference between the two dark shelters: even if selection of one
of the two shelters was systematic (Table 1; 91.7% of experiments),
the selection of the darkest one was only observed in 48.5% of
experiments.
Dynamics of aggregation. The dynamics of aggregation in
the heterogeneous environments were similar to those observed in
the homogeneous ones with low or medium brightness. Indeed,
soon after their release, in less than 5 minutes, global aggregation is
observed (Figure 7a; no statistical differences between conditions D,
E, and F; Kruskal-Wallis test, KW values,4.86; p.0.05). This
aggregation is very stable since no difference was found in the total
population of aggregated woodlice whatever the condition
(Figure 7a; no difference between 15, 30, and 45 minutes for each
of the conditions with shelters; Friedman’s test, d.f.=2, Fr=4.4, 5.9
and 4.81 for D, E and F condition respectively, p.0.05).
Similarly, whatever the experimental condition, the number of
woodlice in the final aggregate under the ‘‘winning’’ shelter
quickly increased to reach more than 50% of woodlice in 10
Figure 4. Dynamics of secondary aggregates. a. Number of secondary aggregates observed during the experiments. These numbers were
observed in arenas under low, medium or high brightness corresponding to experimental conditions A, B and C. b. Number of woodlice per
aggregates. Comparison between Low, medium and high brightness (respectively, experimental conditions A, B and C). No statistical differences were
observed except for the 1
st,3
rd and 4
th minutes (A?C, Kruskal-Wallis test followed by Dunn test, p,0.05).
doi:10.1371/journal.pone.0017389.g004
Social Interactions in Woodlouse Aggregation
PLoS ONE | www.plosone.org 6 February 2011 | Volume 6 | Issue 2 | e17389minutes. At the end of experiments, this aggregate consisted of 25–
30 woodlice on average (Figure 8). Even if at the beginning of the
experiments the dynamics were strongly similar, the number of
woodlice in the final aggregate was significantly lower in condition
F compared to conditions E after 17 minutes and D after 33
minutes (Figure 7b; Kruskal-Wallis test, KW .7.23, p,0.05
followed by Dunn’s test, p,0.05 from 17 to 45 minutes and
p,0.05 from 33 to 45 minutes, respectively).
Discussion
Since the seminal work of Allee [12], many studies have been
concerned with woodlouse aggregation [13,43,49]. However, most
focussed on its adaptive value and on the individual responses to
environmental heterogeneity, and very little is known about the
interaction between woodlice leading to aggregation, the signals or
cues governing these interactions, and the dynamics of formation
and stabilization of aggregates. However, the study of interaction
between individuals during the formation of aggregates is required
to better understand the observed aggregation patterns and their
adaptive values [50,9].
In our experiments, aggregation is a robust phenomenon. In
most of the experiments, aggregations were observed and the
dynamics of these aggregations were similar whatever the
conditions and the location of the aggregates. Indeed, after a
quick increase in the number of aggregated woodlice, this number
stabilized at a high value. The absence of aggregation or a weak
aggregation was observed in only six experiments out of the 150
carried out. This absence of aggregation was observed in high
brightness without shelter and could result from the increase in
activity with light intensity [51,52,15]. This increase in activity
favoured the formation of small aggregates but also made the
stabilization of these small aggregates more difficult. Indeed, the
shorter duration of secondary aggregates and the high variability
of the number of woodlice per secondary aggregate confirmed
woodlice remained very active under these conditions. After this
first aggregation, the instability caused by brightness could induce
the progressive decrease in the number of woodlice in the small
aggregates. As a consequence, at the end of experiments only one
aggregate was observed and it contained most of the aggregated
individuals. In contrast, the formation of the final aggregate in low
and medium brightness, as well as in the environments with
shelters, was progressive. Hence, even if the global aggregation
showed that the total population of aggregated woodlice quickly
increased, the growth of the final aggregate was progressive and
also resulted from a relocation of woodlice previously aggregated
in several secondary aggregates. Indeed, by leaving secondary
aggregates, woodlice were found walking in the arena and could
potentially integrate another aggregate. Finally, since the number
of aggregates decreased with time, the woodlice generally left
secondary aggregates to join the final one. In conclusion, light
intensity had a weak influence on the speed of aggregation but
could have some effects on the patterns and the stability of
aggregation. A similar influence of light intensity on aggregation
has been found in ants [53]. In the same way, the heterogeneities
(shelters) do not influence the dynamics of aggregation but favour
the stability of small aggregates.
Due to their thigmotactic behaviour [54], woodlice and
aggregates were always observed at the periphery of the arena.
Likewise, the location of aggregates was also influenced by light
intensity, since in experiments with a choice between shelters, a
dark shelter was chosen quasi-systematically by most woodlice.
This is in accordance with their negative phototaxis [52,22].
However, woodlice showed a preference for the dark shelter with
one red filter (56 lux) rather than for the bright one without a filter
(166 lux), but were unable to differentiate between two dark
shelters varying in their light intensities (41 vs 56 lux). These last
results contrast with the claim that woodlice are sensitive to low
light intensity [55].
If the location of aggregates is influenced by thigmotaxis and
negative phototaxis, these factors are not sufficient to explain the
aggregation patterns observed. On the one hand, with only
thigmotaxis, individuals should be randomly spaced along the
Figure 5. Survival rate of secondary aggregates observed in low, medium and high brightness (respectively, experimental
conditions A, B and C). Total number of secondary aggregates observed and means duration of these aggregates are given in the legend of the
figure for each experimental condition (means 6 SD). Log Rank test showed significant difference between Low brightness and both other situations
(p,0.05).
doi:10.1371/journal.pone.0017389.g005
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should be equally distributed between shelters of identical
darkness. Our results show that woodlice are not only tolerant
of conspecifics but actually attract each other to constitute
aggregates. Indeed, the selection of only one of two shelters in a
binary choice (with identical shelters) and the aggregation in the
homogeneous environment can only be explained by an inter-
attraction between woodlice [50,45]. Similar results have been
extensively analysed in numerous subsocial or social insects (e.g.
ants, spiders, cockroaches, caterpillars [48,56–59]) and verte-
brates [60]. Indeed, inter-attraction between conspecifics explains
how cockroaches collectively choose a shelter or how sheep
collectively forage. Indeed, the inter-attraction affects the
probability of joining (or leaving) a shelter or an aggregate that
increases (or decreases) with the aggregated population. Such
modulations lead to the amplification of individual preference if
the choices are not identical (e.g. shelters of different darkness)
and mean that the collective response depends on the total
population density.
The secondary aggregates and their dynamics observed in both
the homogeneous environment and the heterogeneous one either
under the second shelter or outside demonstrate social attraction
between woodlice. Similar patterns and dynamics were observed
in an ant cemetery in which clustering processes results from self-
organizing dynamics ruled by local attraction [61]. Furthermore,
the secondary aggregates and the observation of aggregation in less
favourable places (such as under the bright shelter, which was
rarely observed) show that inter-attraction can, to a certain extent,
outweigh individual preferences.
These aggregations in unfavourable sites seem sub-optimal. On
the one hand, secondary aggregates are less effective in the
reduction of water loss [62–64]. On the other hand main
aggregates could be observed under the bright shelter without a
red filter while another dark shelter was available and known by
Figure 6. Dynamics of woodlice outside shelters. a. Evolution with time of the average number of woodlice outside shelters. b. Distribution of
woodlice outside shelters at the end of experiments in heterogeneous conditions D, E, and F.
doi:10.1371/journal.pone.0017389.g006
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benefits for woodlice of this inter-attraction which could induce
potentially sub-optimal decisions. Such analyses are available in
social species [65]. Indeed, in ants, some colonies could exploit
poor or distant food sources while better or closer site are available
[66–68]. It has been shown that a weak probability of making an
error could improve the chance of discovery of better food sources
even if it sometimes results in a sub-optimal response [69,70]. In
woodlice, the weak discrimination at the group level between
shelter with one filter and shelter with two filters and the other sub-
optimal responses could result from the high speed of collective
decision which could trap the group in this first choice [71,72]. A
big aggregate has the disadvantage of increasing competition
between individuals in the groups [73,25]. In this respect,
secondary aggregates could not be considered necessarily sub-
optimal but could indirectly result from the trade-off between
benefits and costs of the larger aggregate. Hence, the understand-
ing of the adaptive value of secondary aggregates could be
improved by using theories about social behaviour [74].
More experiments should be undertaken to decipher the signal
used by woodlice in their inter-attraction. The role of aggregation
pheromone coming from faeces has already been suggested
[41,42]. However, the high speed of aggregation shows that direct
interactions play a great role in the dynamics. Hence, aggregation
pheromones could only aid to stabilise the aggregates at longer
time scales, whereas direct social interactions, perhaps mediated
by other pheromones, could act at shorter time scales [75].
Pheromones acting at different temporal or spatial scales are well
documented in social and gregarious insects (e.g. home-range or
territorial marking and recruitment trails in ants [76,77,66], or
Figure 7. Comparison of the dynamics of aggregation, in heterogeneous set ups. Dynamics were observed in arenas corresponding to
experimental conditions D, E, and F. a: Total population of aggregated woodlice; b: woodlice aggregated in the final aggregate under the ‘‘winning’’
shelter. Standard deviations are presented for each 3 minutes. The bottom part of graphic 6b represents the statistical differences obtained minute
per minute using a Dunn’s test, p,0.05; lines show differences.
doi:10.1371/journal.pone.0017389.g007
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[78–80]). Hence, different spatial or temporal scales could also be
suggested in woodlice. Aggregation could result from local and
distant attraction: volatile compounds could attract conspecifics
(maybe due to gas ammonia [81]) and the stability of aggregates
should be assured by other secretions (maybe from faeces). This
scenario is in accordance with our results and the existing
literature because aggregation was very fast, which corresponds to
distant attraction, and aggregates were very stable. Moreover,
theoretical knowledge of such decision-making systems allows us to
predict that our results could be explained with thresholds (or
quorums) which impact the entry or the exit of the shelter by
individuals [45,46,82]. Hence, more analysis about individual
behaviour and modeling will permit to decipher the content of
social interactions and the rules underlying to the collective choice
[83,84].
To conclude, aggregation in woodlice results from a trade-off
between individual preferences of woodlice (that is, in our case,
being in darkness or at the periphery of the arena) and inter-
attraction between individuals. Hence, it is possible to assume that
the stability of an aggregate should depend on its location (being
under a shelter) but also on the number of conspecifics.
Some woodlouse species, namely in the genus Porcellio, show
subsocial behaviour, such as extended carrying of young in the
marsupium, short- or long-term maternal provisioning, and
biparental care with long-lasting family cohesion [85]. However,
these species live in harsh environments [14]. Some other
woodlouse species are not considered to be social; indeed, the
only known social attribute related to their spatial distribution is
the tolerance for conspecifics. Our results showed that in Porcellio
scaber, the aggregation pattern is largely based on inter-attraction
behaviour. Such phenomena are sensitive to the density of
individuals and are an example of self-organization [50].
Aggregation is of particular interest because it is a prerequisite
for the development of other forms of cooperation and could be a
social step in the evolution of this clade [7]. In this respect some
interesting comparisons can give new insights and direction for
future research on woodlice. It has been demonstrated that as with
woodlice, aggregation in cockroaches results from inter-attraction
between conspecifics but is also partly influenced by individual
preferences [79,47,86,48]. Moreover, the benefits of aggregation
in cockroaches are also reduction of their water loss and
improvement of the transfer of bacteria between cockroaches
[87]. Hence, such correspondences in mechanisms and adaptive
values of aggregation in two different animals (crustacean and
insect) allow us to envisage new research directions concerning a
generic explanation of aggregation and a potential cascade of
other social phenomena resulting from the local density increase
[9]. These questions about the convergence of similar and simple
mechanisms for different species are fundamental, not only for
better understanding the mechanisms of organization, but also for
making the link between the proximate and ultimate views of
social evolution [88]. The consequence of such a generic logic
could then be one of the keys to understanding the transition
between different forms of cooperativeness and therefore different
degrees of sociality.
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Figure S1 Radial distribution of woodlice density.
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Figure 8. Distribution of woodlice in final aggregates in heterogeneous conditions D, E, and F.
doi:10.1371/journal.pone.0017389.g008
Social Interactions in Woodlouse Aggregation
PLoS ONE | www.plosone.org 10 February 2011 | Volume 6 | Issue 2 | e17389Acknowledgments
J.-L. Deneubourg is Senior Research Associate from the F.R.S.-FNRS. We
thank Romain Mullier for his help during experiments, two anonymous
reviewers for insightful suggestions and The ´re `se Barbier, Fiona Houghton
and Pascale Nicolet for English corrections.
Author Contributions
Conceived and designed the experiments: CD PB. Performed the
experiments: CD PB. Analyzed the data: CD PB J-LD. Wrote the paper:
CD J-LD.
References
1. Thiel M, Duffy J (2007) The behavioral ecology of crustaceans - A primer in
taxonomy, morphology, and biology. In: Duffy J, Thiel M, eds. Evolutionary
ecology of social and sexual systems - Crustaceans as model organisms. New
York: Oxford University Press. pp 3–28.
2. Schmalfuss H (2003) World catalog of terrestrial isopods (Isopoda: Oniscidea).
Stuttgarter Beitr. Naturkd Ser A 654: 1–341.
3. Zimmer M (2002) Nutrition in terrestrial isopods (Isopoda: Oniscidea): an
evolutionary-ecological approach. Biol Rev 77: 455–493.
4. Sorensen F, Weeks J, Baatrup E (1997) Altered locomotory behavior in woodlice
(Oniscus asellus (L)) collected at a polluted site. Environ Toxicol Chem 16:
685–690.
5. Paoletti M, Hassall M (1999) Woodlice (Isopoda: Oniscidea): their potential for
assessing sustainability and use as bioindicators. Agr Ecosyst Environ 74:
157–165.
6. Hendrickx F, Maelfait J, De Mayer A, Tack F, Verloo M (2003) Storage
mediums affect metal concentration in woodlice (Isopoda). Environ Poll 121:
87–93.
7. Alexander R (1974) The Evolution of Social Behavior. Annu Rev Ecol System 5:
325–383.
8. Dugatkin LA (1997) Cooperation Among Animals: An Evolutionary Perspective.
illustrated edition. Oxford University Press. 240 p.
9. Deneubourg J, Lioni A, Detrain C (2002) Dynamics of aggregation and
emergence of cooperation. Biol Bull 202: 262–267.
10. Valone T, Templeton J (2002) Public information for the assessment of quality: a
widespread social phenomenon. Philos Trans R Soc B 357: 1549–1557.
11. Fryxell JM, Mosser A, Sinclair ARE, Packer C (2007) Group formation stabilizes
predator-prey dynamics. Nature 449: 1041–1043.
12. Allee W (1931) Animal aggregations. Chicago, Illinois: The University of
Chicago Press. 431 p.
13. Friedlander C (1965) Aggregation in Oniscus asellus Linn. Anim Behav 13:
342–346.
14. Linsenmair K (2007) Sociobiology of terrestrial isopods. In: Duffy J, Thiel M,
eds. Evolutionary ecology of social and sexual systems: crustaceans as model
organisms. new York: Oxford University Press. pp 339–365.
15. Sutton S (1972) Woodlice. London: Ginn & Company limited. 144 p.
16. Alikhan M (1995) Terrestrial isopod biology (Crustaceans Issues). Rotterdam.
240 p.
17. Duffy J, Thiel M (2007) Evolutionary ecology of social and sexual systems:
crustaceans as model organisms. New York: Oxford University Press. 520 p.
18. Gunn D (1937) The humidity reactions of the woodlouse, Porcellio scaber
(Latreille). J Exp Biol 14: 178–186.
19. Zimmer M, Pennings S, Buck T, Carefoot T (2002) Species-specific patterns of
litter processing by terrestrial isopods (Isopoda: Oniscidea) in high intertidal salt
marshes and coastal forests. Funct Ecol 16: 596–607.
20. Zimmer M, Oliveira R, Rodrigues E, Graca M (2005) Degradation of leaf litter
phenolics by aquatic and terrestrial isopods. J Chem Ecol 31: 1933–1952.
21. Warburg M (1968) Behavioral Adaptations of Terrestrial Isopods. Am Zool 8:
545–559.
22. Cloudsley-Thompson J (1977) The water and temperature relations of woodlice.
Durham, England: Meadowfield Press Ltd. 84 p.
23. Kaufman B (1996) The peculiarities of preferential behavior in some terrestrial
isopods. Zool Zhurnal 75: 188–193.
24. Allee W (1926) Studies in animal aggregations: Causes and effects of bunching in
land isopods. J Exp Zool 45: 255–277.
25. Brockett B, Hassall M (2005) The existence of an Allee effect in populations of
Porcellio scaber (Isopoda: Oniscidea). Eur J Soil Biol 41: 123–127.
26. Courchamp F, Berec L, Gascoigne J (2008) Allee effects in ecology and
conservation. New York: Oxford University Press. 256 p.
27. Edney E (1960) Terrestrial adaptations. In: Waterman EH, ed. The physiology
of Crustacea vol. 1. New-York and London: Academic Press. pp 367–393.
28. Edney E (1968) Transition from water to land in isopod crustaceans. Am Zool 8:
309–326.
29. Wright J, Machin J (1990) Water-Vapor Absorption in Terrestrial Isopods. J Exp
Biol 154: 13–30.
30. Greenaway P, Warburg M (1998) Water fluxes in terrestrial isopods. Isr J Zool
44: 473–486.
31. Allee W (1929) Studies in animal aggregations: natural aggregations of the
isopod, Asellus communis. Ecology 10: 14–36.
32. Styron C, Burbanck W (1967) Ecology of an Aquatic Isopod, Lirceus fontinalis Raf.
Emphasizing Radiation Effects. Am Midl Nat 78: 389–415.
33. Styron C (1968) Ecology of Two Populations of an Aquatic Isopod, Lirceus
fontinalis. Raf Ecology 49: 629–636.
34. Rabaud E (1929) Phe ´nome `ne social et socie ´te ´s animales. Bulletin Biologique de
la France et de la Belgique 63: 377–398.
35. Hamner W, Schneider D (1986) Regularly Spaced Rows of Medusae in the
Bering Sea: Role of Langmuir Circulation. Limnol Oceanogr 31: 171–177.
36. Warburg M (1993) Evolutionary biology of land isopods. Springer-Verlag.
37. Sto ¨cker S (1999) Models for tuna school formation. Math Biosci 156: 167–190.
38. Costa J (2006) The other insect Societies. Cambridge Massachusetts London,
England: The Belknap Press of Harvard University Press. 767 p.
39. Ho ¨lldobler B, Wilson E (2009) The superorganism: the beauty, elegance, and
strangeness of insect societies. New York - London: W.W. Norton & Company.
540 p.
40. Zimmer M, Kautz G, Topp W (1996) Olfaction in terrestrial isopods (Crustacea:
Oniscidea): Responses of Porcellio scaber to the odour of litter. Eur J Soil Biol 32:
141–147.
41. Kuenen D, Nooteboom H (1963) Olfactory orientation in some land-isopods
(oniscoidea, crustacea). Entomol Exp Appl 6: 133–142.
42. Takeda N (1984) The aggregation phenomenon in terrestrial isopods. Symp
Zool Soc Lond 53: 381–404.
43. Ebisuno T, Takimoto M, Takeda N (1982) Preliminary characterization of the
aggregation pheromone in the sow bug, Porcellionides pruinosus (Brandt) (Isopoda:
Oniscidea). Appl Entomol Zool 17: 584–586.
44. Farr JA (1978) Orientation and social behavior in the supralittoral isopod Ligia
Exotica (Crustacea: Oniscoidea). Bull Mar Sci 28: 659–666.
45. Jeanson R, Deneubourg J (2009) Positive feedback, convergent collective
patterns and social transitions in arthropods. In: Gadau J, Fewell J, eds.
Organization of insect societies: from genome to sociocomplexity. Cambridge,
MA: Harvard University Press. pp 460–482.
46. Ame J, Halloy J, Rivault C, Detrain C, Deneubourg J (2006) Collegial decision
making based on social amplification leads to optimal group formation. Proc
Natl Acad Sci USA 103: 5835–5840.
47. Halloy J, Sempo G, Caprari G, Rivault C, Asadpour M, et al. (2007) Social
integration of robots into groups of cockroaches to control self-organized
choices. Science 318: 1155–1158.
48. Sempo G, Canonge S, Detrain C, Deneubourg J (2009) Complex Dynamics
Based on a Quorum: Decision-Making Process by Cockroaches in a Patchy
Environment. Ethology 115: 1150–1161.
49. Hassall M, Edwards D, Carmenta R, Derhe ´ M, Moss A (2010) Predicting the
effect of climate change on aggregation behaviour in four species of terrestrial
isopods. Behaviour 147: 151–164.
50. Camazine S, Deneubourg J, Franks N, Sneyd J, Theraulaz G, et al. (2001) Self-
organization in biological systems. Princeton: Princeton University Press. 538 p.
51. Abbott C (1918) Reactions of land isopods to light. J Exp Zool 27: 193–246.
52. Warburg M (1964) The response of isopods towards temperature, humidity and
light. Anim Behav 12: 175–186.
53. Depickere S, Fresneau D, Deneubourg J (2008) Effect of social and
environmental factors on ant aggregation: A general response? J Insect Physiol
54: 1349–1355.
54. Friedlander C (1964) Thigmokinesis in woodlice. Anim Behav 12: 164–174.
55. Hartline H (1923) Influence of light of very low intensity on phototropic
reactions of animals. J Gen Physiol 6: 137–152.
56. Nicolis S, Deneubourg J (1999) Emerging patterns and food recruitment in ants:
an analytical study. J Theor Biol 198: 575–592.
57. Jeanson R, Deneubourg J, Theraulaz G (2004) Discrete dragline attachment
induces aggregation in spiderlings of a solitary species. Anim Behav 67: 531–537.
58. Jeanson R, Deneubourg J (2007) Conspecific attraction and shelter selection in
gregarious insects. Am Nat 170: 47–58.
59. Colasurdo N, Despland E (2005) Social cues and following behavior in the forest
tent caterpillar. J Insect Behav 18: 77–87.
60. Michelena P, Jeanson R, Deneubourg J, Sibbald AM (2010) Personality and
collective decision-making in foraging herbivores. Proc R Soc Lond B 277:
1093–1099.
61. Theraulaz G, Bonabeau E, Nicolis S, Sole R, Fourcassie V, et al. (2002) Spatial
patterns in ant colonies. Proc Natl Acad Sci USA 99: 9645–9649.
62. Yoder J, Grojean N (1997) Group influence on water conservation in the giant
Madagascar hissing-cockroach, Gromphadorhina portentosa (Dictyoptera: Blaber-
idae). Physiol Entomol 22: 79–82.
63. Glass E, Yoder J, Needham G (1998) Short communication. Clustering reduces
water loss by adult American house dust mites Dermatophagoides farinae (Acari:
Pyroglyphidae). Exp Appl Acarol 22: 31–37.
64. Yoder J, Hobbs H, III, Hazelton M (2002) Aggregate protection against
dehydratation in adult females of the cave cricket, Hadenoecus cumberlandicus
(orthoptera, rhaphidophoridae). J Cave Karst Stud 64: 140–144.
65. Deneubourg J, Aron S, Goss S, Pasteels J (1987) Error, communication and
learning in ant societies. Eur J Oper Res 30: 168–172.
66. Devigne C, Detrain C (2006) How does food distance influence foraging in the ant
Lasius niger: the importance of home-range marking. Insectes Sociaux 53: 46–55.
Social Interactions in Woodlouse Aggregation
PLoS ONE | www.plosone.org 11 February 2011 | Volume 6 | Issue 2 | e1738967. Beckers R, Deneubourg J, Goss S (1993) Modulation of trail-laying in the ant
Lasius niger (Hymenoptera: Formicidae) and its role in the collective selection of a
food source. J Insect Behav 6: 751–759.
68. Devigne C, Detrain C (2005) Foraging responses of the aphid tending ant Lasius
niger to spatio-temporal changes in aphid colonies (Cinara cedri). Acta Zool Sin 51:
161–166.
69. Deneubourg J, Pasteels J, Verhaeghe J (1983) Probabilistic behaviour in ants: a
strategy of errors? J Theor Biol 105: 259–271.
70. Giraldeau L (1997) The ecology of information use. In: Krebs J, Davies N, eds.
Behavioural ecology - an evolutionary approach: 4th edition. Oxford: Blackwell
Science. pp 42–68.
71. Franks NR, Dornhaus A, Fitzsimmons JP, Stevens M (2003) Speed versus
accuracy in collective decision making. Proc R Soc Lond B 270: 2457–2463.
72. Planque ´ R, Dornhaus A, Franks N, Kovacs T, Marshall J (2007) Weighting
waiting in collective decision-making. Behav Ecol Sociobiol 61: 347–356.
73. Ganter P (1984) The Effects of Crowding on Terrestrial Isopods. Ecology 65:
438–445.
74. Giraldeau L, Caraco T (2000) Social foraging theory. Princeton: Princeton
University Press. 376 p.
75. Carefoot T (1993) Physiology of terrestrial isopods. Comp Biochem Physiol A
106: 413–429.
76. Beckers R, Deneubourg J, Goss S (1992) Trail-laying behaviour during food
recruitment in the ant Lasius niger (L.). Insectes Sociaux 39: 59–72.
77. Devigne C, Renon A, Detrain C (2004) Out of sight but not out of mind:
modulation of recruitment according to home range marking in ants. Anim
Behav 67: 1023–1029.
78. Scherkenbeck J, Nentwig G, Justus K, Lenz J, Gondol D, et al. (1999)
Aggregation Agents in German Cockroach Blattella germanica: Examination of
Efficacy. J Chem Ecol 25: 1105–1119.
79. Jeanson R, Rivault C, Deneubourg J, Blanco S, Fournier R, et al. (2005) Self-
organized aggregation in cockroaches. Anim Behav 69: 169–180.
80. Lihoreau M, Rivault C (2009) Kin recognition via cuticular hydrocarbons
shapes cockroach social life. Behav Ecol 20: 46–53.
81. Wieser W, Schweizer G, Hartenstein R (1969) Patterns in the release of gaseous
ammonia by terrestrial isopods. Oecologia 3: 390–400.
82. Sumpter D (2010) Collective animal behavior. Princeton: Princeton University
Press. 312 p.
83. Nicolis SC, Despland E, Dussutour A (2008) Collective decision-making and
behavioral polymorphism in group living organisms. J Theor Biol 254: 580–586.
84. Peters MI, Despland E (2006) Plasticity in forest tent caterpillar collective
foraging schedules. Ethology 112: 521–528.
85. Linsenmair K (1984) Comparative studies on the social behaviour of the desert
isopod Hemilepistus reaumuri and of a Porcellio species. Symp Zool Soc Lond 53:
423–453.
86. Canonge S, Sempo G, Jeanson R, Detrain C, Deneubourg J (2009) Self-
amplification as a source of interindividual variability: Shelter selection in
cockroaches. J Insect Physiol 55: 976–982.
87. Bell WJ, Roth LM, Nalepa CA (2007) Cockroaches: ecology, behavior, and
natural history. Baltimore: The Johns Hopkins University Press. 230 p.
88. Krebs JR, Davies NB (1997) Behavioral ecology: an evolutionary approach, 4th
edition. Oxford: Wiley-Blackwell. 464 p.
Social Interactions in Woodlouse Aggregation
PLoS ONE | www.plosone.org 12 February 2011 | Volume 6 | Issue 2 | e17389